-Ga2O3 is a metastable phase of Ga2O3 of interest for wide bandgap engineering since it is isostructural with -In2O3 and -Al2O3. -Ga2O3 is generally synthesised under high pressure (several GPa) or relatively high temperature (~500 o C). In this study, we report the growth of -Ga2O3 by low temperature atomic layer deposition (ALD) on sapphire substrate. The film was grown at a rate of 0.48 Å/cycle, and predominantly consists of -Ga2O3 in the form of (0001) -oriented columns originating from the interface with the substrate. Some inclusions were also present, typically at the tips of the -phase columns and most likely comprising -Ga2O3. The remainder of the Ga2O3 filmi.e. nearer the surface and between the -Ga2O3 columns, was amorphous. The film was found to be highly resistive, as is expected for undoped material. This study demonstrates that -Ga2O3 films can be grown by low temperature ALD and suggests the possibility of a new range of ultraviolet optoelectronic and power devices grown by ALD. The study also shows that scanning electron diffraction is a powerful technique to identify the different polymorphs of Ga2O3 present in multiphase samples.
Introduction
Ga2O3 has received attention as a wide band gap semiconductor with potential applications in electronics and optics [1] . Bandgap engineering is required to construct various optoelectronic devices, and polymorphic control is required to achieve the necessary variation in composition in ternary and quaternary group III-oxides. Ga2O3 adopts numerous polymorphs and complete understanding of polymorphism in this system remains lacking [2, 3] . High-quality structures are known for rhombohedral  [4] , monoclinic  [5] , cubic γ [6] , and hexagonal  [2] polymorphs, all of which are based on approximately hexagonally close-packed layers of oxygen ions with gallium ions occupying the octahedral and tetrahedral sites differently [2] . Two further polymorphs have been suggested, namely δ [6] and orthorhombic κ [2, 3] , the latter being related to the  phase as an ordered variant.
The thermodynamically stable polymorph under standard conditions is the monoclinic  phase (space group 12, C2/m), which has consequently been the focus of most research efforts [7] . In the context of band gap engineering however, it has been suggested that rhombohedral -Ga2O3 (space group 167, R3 ̅ c) is desirable [8] since Al2O3 and In2O3 can both be found in isostructural polymorphs --Al2O3 is thermodynamically stable corundum while -In2O3 is metastable [9] . With a band gap ranging from 3.8 eV (-In2O3 [8] ) to 8.8 eV (-Al2O3 [10] ), controlling the growth of -phase group IIIoxides could pave the way for a number of ultraviolet optoelectronics and power devices.
-Ga2O3 has traditionally been synthesised under high pressures of several GPa [11, 12] . More recently several studies have reported the growth of -Ga2O3 at temperatures near 500 o C using mist chemical vapor deposition (mist-CVD) [8] , molecular beam epitaxy (MBE) [13] and halide vapor phase epitaxy (HVPE) [14] . Schewski et al. also observed the growth of up to 3 monolayers of -Ga2O3 by metalorganic vapor phase epitaxy (MOVPE) at 850 o C, pulsed-laser deposition (PLD) at 650 o C or MBE at 675 o C, beyond which the film adopted the β phase [15] . However, to date there are no reports of -Ga2O3 grown by atomic layer deposition (ALD). Previous studies using ALD to deposit Ga2O3 have resulted in an amorphous film [16] [17] [18] [19] [20] [21] that eventually crystallized into β-Ga2O3 upon post-growth annealing. In the present study, we have achieved the growth of the metastable phase -Ga2O3 using ALD. Owing to a similar crystal structure and low lattice mismatch (around 4.8%) with -Ga2O3, sapphire (-Al2O3) was chosen for substrate since it may allow one to overcome the thermodynamic instability of -Ga2O3.
Methods
Deposition of Ga2O3 was achieved using alternating pulses of triethylgallium (TEGa) and O2 plasma in an Oxford Instruments Plasma-OpAL ALD system. A c-plane sapphire substrate with a miscut of 0.25±0.10 o towards (112 ̅ 0) was employed. The substrate temperature was set at 250 °C, reactor wall temperatures were at 150 °C, the TEGa bubbler was kept at ~25 °C and the delivery lines from the TEGa bubbler to the deposition chamber were set at 50 °C. Each ALD cycle consisted of one 0.1 s pulse of TEGa with 100 sccm of Ar carrier gas, a 5 s purge using 100 sccm Ar through the TEGa line, a 5 s, 300 W O2 plasma using 20 sccm O2, and finally a 5 s purge using 100 sccm Ar. 2730 cycles were performed. The substrates were left at growth temperature and under vacuum for approximately Shih et al., where they demonstrated saturative ALD growth of Ga2O3 from TEGa and O2 plasma.
TEGa dose times above 0.1 s and O2 plasma times above 5 s were found to produce no increase in the Ga2O3 growth rate [17] . Furthermore, a wide ALD growth window has been reported between 100°C
and 400°C when using TEGa and O2 plasma for the growth of Ga2O3 [18] . Several films have been grown in separate growth runs using the same growth parameters. X-ray diffraction characterisation of these films was identical to that presented hereafter, thus demonstrating the repeatability of the growth process. Post-deposition film thickness measurements were made by ellipsometry using a Horiba Jobin Yvon MM-16 Spectroscopic Ellipsometer and fitted to a Ga2O3 Cauchy model using a wavelength range of 430-850 nm. Ellipsometry results showed a deposition of ~130 nm giving a growth rate of 0.48 Å/cycle (with an estimated error of ~10% for both the thickness and growth rate).
X-ray diffraction (XRD) was used to assess the crystallite size, texture and quality in the deposited films. XRD was carried out on a PANalytical Empyrean diffractometer with a Cu K1 X-ray source ( = 1.5405974 Å [22] ), a hybrid monochromator, and either a two-bounce Ge crystal analyzer (for 2- and  scans) or a PIXcel detector (for reciprocal space maps (RSMs)). (Scanning) transmission electron microscopy ((S)TEM) was performed on samples prepared in cross-section by standard mechanical polishing using diamond lapping films, followed by Ar + ion milling at 5 kV until a hole was visible and polishing from 1 kV down to 0.1 kV. A Tecnai F20 operated at 200 kV was used for annular dark-field STEM (ADF-STEM) imaging, while a JEOL 4000EX operated at 400 kV was employed for high-resolution TEM (HR-TEM) imaging. Scanning electron diffraction (SED), which involves the acquisition of an electron diffraction pattern at each probe position [23] as a convergent electron probe is scanned across the sample, was performed using a Philips CM300 operated at 300 kV and retrofitted with a NanoMegas Digistar system. This system enables the simultaneous scan and acquisition of diffraction patterns with an external optical charge coupled device imaging the phosphor viewing screen of the microscope. In this way, nanobeam electron diffraction pattern (with ~2 mrad convergence angle) were acquired with a step size of ~2.5 nm and a camera length of 210 mm. The SED data was inspected and analysed using a Python library for crystallographic electron microscopy [24, 25] . The diffraction patterns were first corrected for geometric distortions resulting from the off-axis camera geometry by application of an affine transformation. A series of diffraction contrast images were then formed by plotting the intensity within a selected subset of pixels in the diffraction pattern as a function of probe position to form so-called 'virtual dark-field' (VDF) images.
Here, circular integration windows with a 2 pixel radius were used to form such images. Considering the atomic structure, this corresponds to alignment of the oxygen layers in both structures, which is perhaps to be expected. This suggests that the sapphire substrate played a critical role in determining the phase and orientation of the film. An estimate of the size of the -Ga2O3 crystallites can be obtained using the Scherrer equation: τ = K/Bcos, where τ is the mean size of the crystallites, K a constant assumed close to 0.9,  the wavelength of incoming X-rays, B the full-width at halfmaximum (FWHM) of the peak (after removal of the instrumental broadening), and  the Bragg angle.
Results
The data indicate that the film consists of -Ga2O3 crystallites of about 50-60 nm in size. An additional weak peak can be distinguished at lower 2 values, which could be attributed to one or several of the following reflections: -Ga2O3 311 ̅ , ε-Ga2O3 0004 or ε-Ga2O3 213 ̅ 1, and indicates the presence of inclusions in the dominantly (0001)-oriented -Ga2O3 film. Since ε-Ga2O3 0004 also corresponds to the oxygen layers in this structure, it may be expected that the alignment of such planes continues and that this is likely to be the correct assignment, although this can only be tentative.
The crystalline quality of the film can be assessed by measuring the FWHM of rocking curve  scans taken on symmetric and skew-symmetric reflections. The combination of these two measurements gives information about the tilt and twist of crystals within the film, respectively. Here we used the 0006 and 101 ̅ 4 reflections, as illustrated in Figure 1 The sub-surface structure of the sample was inspected by cross-sectional (S)TEM. As can be seen in The local atomic structure across a region of the deposited film was assessed using SED, as shown in the hexagonally close-packed oxygen layers in each structure. This corroborates the suggestion that the primary inclusion phase in the film is ε-phase with close-packed oxygen layers remaining aligned between phases. Given that both phases share a common hexagonally close-packed oxygen layer, it is possible that, during growth, the tip of the crystalline α-Ga2O3 columns provides suitable nucleation sites for ε-Ga2O3. The transition from the α phase to the ε phase is not unexpected, owing that the latter has a lower formation energy according to first principle calculations [30] . It should be noted, that in the regions near to the column tips diffraction patterns were often recorded containing reflections from multiple crystals and therefore unambiguous indexation of these patterns was not generally possible.
The film was tested for electrical properties. Ti/Au contacts of dimensions 200 μm x 400 μm and 10/80 nm in thickness were deposited by thermal evaporation and lift-off. Electrical testing showed that the sample is highly resistive, with a resistance approaching 5 x10 10 Ω measured between two contacts spaced 5 μm apart. The resistance was so high that reliable measurement could not be made between wider spaced contacts precluding determination of a resistivity value for the deposited material. High values of resistance for undoped -Ga2O3 films have also been reported in the literature, and were found to reduce significantly upon Sn-doping [31, 32] . The high resistance measured here could also be compounded by the multiple phase structure of the film.
Conclusion
In conclusion, we have demonstrated that -Ga2O3 can be deposited by low temperature ALD on cplane sapphire substrate. The film was grown at a rate of 0.48 Å/cycle. We found that the film thus grown consists of (0001)-oriented -Ga2O3 columns originating from the substrate. Some inclusions, most likely of the ε phase were also observed primarily at the tip of the columns, and amorphous phase was found located nearer the surface of the film and between the -Ga2O3 columns. It is anticipated that with further improvement of the crystallinity and electrical properties of the film, this study opens the path for a new range of semiconductor devices that could be produced by ALD.
